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A comprehensive analytical model of the interaction of the cantilever tip of the
atomic force microscope (AFM) with the sample surface is developed that accounts
for the nonlinearity of the tip-surface interaction force. The interaction is modeled as
a nonlinear spring coupled at opposite ends to linear springs representing cantilever
and sample surface oscillators. The model leads to a pair of coupled nonlinear
differential equations that are solved analytically using a standard iteration procedure.
Solutions are obtained for the phase and amplitude signals generated by various
acoustic-atomic force microscope (A-AFM) techniques including force modulation
microscopy, atomic force acoustic microscopy, ultrasonic force microscopy,
heterodyne force microscopy, resonant difference-frequency atomic force ultrasonic
microscopy (RDF-AFUM), and the commonly used intermittent contact mode
(TappingMode) generally available on AFMs. The solutions are used to obtain a
quantitative measure of image contrast resulting from variations in the Young
modulus of the sample for the amplitude and phase images generated by the A-AFM
techniques. Application of the model to RDF-AFUM and intermittent soft contact
phase images of LaRC-cp2 polyimide polymer is discussed. The model predicts
variations in the Young modulus of the material of 24 percent from the RDF-AFUM
image and 18 percent from the intermittent soft contact image. Both predictions are in
good agreement with the literature value of 21 percent obtained from independent,

macroscopic measurements of sheet polymer material.

PACS numbers: 68.37.Tj, 81.07.-b, 82.35.Np, 68.37.-d



I. INTRODUCTION

The atomic force microscope’ (AFM) has become an important nanoscale
characterization tool for the development of novel materials and devices. Dynamic
implementations of the AFM (we shall call acoustic-atomic force microscopies or A-
AFM)) such as intermittent contact mode (TappingMode), force modulation microscopy”
(FMM), atomic force acoustic microscopy’* (AFAM), ultrasonic force microscopy’®
(UFM), heterodyne force microscopy’® (HFM), resonant difference-frequency atomic
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force ultrasonic microscopy’ (RDF-AFUM) and variations of these techniques
the interaction force between the cantilever tip and the sample surface to extract
information about sample material properties. Such properties include sample elastic
moduli, adhesion, surface viscoelasticity, embedded particle distributions, and
topography. The cantilever tip-sample surface interaction force is generally nonlinear’,
although in some operational modes the interaction force can be taken to a good
approximation to be linear. A comprehensive treatment of the interaction force, however,
is lacking because of the difficulty in accounting for the nonlinear terms. We consider
here a detailed analytical treatment of the cantilever tip-sample surface interaction force
that includes the lowest-order terms in the nonlinearity. Such terms are sufficient to
account for all operational characteristics and material properties obtained from the
various acoustic-atomic force microscopies cited above.

We begin in Section II by developing a realistic mathematical model of the
interaction between the cantilever tip and the sample surface that involves a coupling via

the nonlinear interaction force of separate dynamical equations for the cantilever and the

sample surface. A general solution is found that contains static terms (including static



terms generated by the nonlinearity), linear oscillatory terms, and nonlinear oscillatory
terms. Individual or various combinations of these terms are found to apply as
appropriate to a description of a particular acoustic-atomic force microscopy. The
complexity of the general solution begs consideration of ways to simplify the
mathematical expression by estimating the relative magnitudes of the material and
dynamical parameters embedded in the equation. Such estimates are considered in
Section III. Application of the solution to each of the above-cited acoustic-atomic force
microscopies is given in Section IV using simplifications resulting from the estimate of
parameter values obtained in Section III. Section V provides an analytical analysis of
image contrast for each of the A-AFM techniques addressed in the model. Application of
the model to RDF-AFUM and intermittent soft contact phase images of LaRC-cp2

polyimide polymer is discussed in Section VI.

II. ANALYTICAL MODEL OF NONLINEAR CANTILEVER DYNAMICS
A. General dynamical equations

The cantilever of the AFM is able to vibrate in a number of different modes in
free space corresponding to various displacement types (flexural, longitudinal, shear,
etc.), resonant frequencies, and effective stiffness constants. Each cantilever mode n of a

given displacement type may be represented by an effective mass m, attached to a spring
of stiffness constant k., and resonant frequency ., = +/k., /m, . Since each mode is

subject to the same driving forces, we may express the cantilever time-dependent

displacement 77, in its most general form as the sum over all modes and write



Ne(®) =27, @) (1)

where 77, is the cantilever displacement corresponding to mode n and t is time. During

contact of the cantilever with the sample surface, vibrations of the cantilever give rise to
oscillations of the sample surface via the cantilever tip-sample surface interaction forces.
Likewise, an oscillating sample surface resulting, for example, from an incident
ultrasonic wave generated at the opposite surface of the sample will also give rise to
oscillations of the cantilever via the same interaction forces. The vibrating sample

surface may be represented by an effective mass m attached to a spring of stiffness
constant k.

For definiteness we consider only flexural modes of the cantilever and normal
out-of-plane oscillations for the sample surface as indicated in Fig.1. The displacement

of the cantilever tip is 77, and the normal displacement of the sample surface is7;. The

quiescent, equilibrium distance between the cantilever tip and the sample surface in the
presence of an interaction force is zp. The tip-surface separation distance at an arbitrary
time, when the cantilever or sample surface or both are in oscillation in the presence of
the interaction force, is z. The spring model representing the dynamics of the tip-surface
interaction is also shown in Fig.1. Both the cantilever and sample surface springs are

assumed to be linear with stiffness constants k., and £k, respectively, while the

nonlinear interaction forces are represented by a nonlinear spring having a linear stiffness

constant F' and a nonlinear stiffness constant F'' as indicated in the figure.



When the cantilever tip is in contact with the sample surface, the nonlinear tip-

surface interaction force F(z) provides a coupling of the cantilever and surface

oscillations. The dynamics may be represented by a set of coupled differential equations

for each mode n as

MTien + Vcllen + kenflen = F(2) + F, coswt (2)

MTjen + Vllsn + kg = F(2) + F; cos(wgt + 0) 3)

where 7., (positive down) is the cantilever tip displacement for mode n, 7, (positive up)
is the sample surface displacement for mode n, @, is the angular frequency of the
cantilever oscillations, @, is the angular frequency of the sample surface vibrations, yis
the damping coefficient for the cantilever, y, is the damping coefficient for the sample
surface, F, is the magnitude of the cantilever driving force, F is the magnitude of the

sample driving force that we assume here to result from an incident ultrasonic wave
generated at the opposite surface of the sample, and & is a phase contribution resulting
from the propagation of the ultrasonic wave through the sample material.

We have shown previously’ that for an acoustic wave propagating through a
sample of thickness a/2 with phase velocity ¢ and wave number k, containing an
embedded feature of thickness d/2 for which the phase velocity is cq4, the total phase

contribution & is given by



0=—(x+Ay)
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The factor — y is the contribution to the phase from the featureless bulk material and

— Ay is the contribution from a phase variation due to the embedded feature.

A typical nonlinear interaction force F(z) is shown schematically in Fig.2. This

force results from a number of possible fundamental mechanisms including electrostatic

forces, van der Waals forces, interatomic repulsive (Born-Mayer) potentials, and Casimir

forces'®. It is also influenced by chemical potentials as well as hydroxyl bonds resulting

from atmospheric moisture accumulation on the cantilever tip and sample surface'®,

We note from Fig.1 that for a given mode n, z=z, — (1., + 175,) . We use this

relationship in a power series expansion of F(z) about z, to obtain

F(2)= Fzo) + F'(a)(z—20) + F"(z0)(z = 20)" +--

(8)
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where the superscripted prime denotes derivative with respect to z.  Substitution of

Eq.(8) into Egs.(2) and (3) gives

Mo+ Velien +ken + F'(20)en + F' (205 = F(2g) + F, cos@,t

)
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(10)
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Equations (9) and (10) are the coupled equations representing the cantilever tip-sample

surface dynamics resulting from the nonlinear interaction force at the sample surface.

B. Solution to general dynamical equations

We solve the coupled nonlinear Egs.(9) and (10) for the steady-state solution by
writing the coupled equations in matrix form and using a common iteration procedure to
solve the matrix expression. The first iteration involves solving the equations for which

the nonlinear terms are neglected. The second iteration is obtained by substituting the



first iterative solution into the nonlinear terms of Egs.(9) and (10) and solving the
resulting equations. The procedure provides solutions both for the cantilever tip and the
sample surface displacements. Since the procedure is much too lengthy to reproduce here
in full detail, only the salient features of the procedure leading to the steady state solution

for the cantilever displacement 77, = X 7., are given. We begin by writing

Nen = €cen +§cn +§cn (11)
and

Nen =Esn +&sn +Csn (12)

where £, and £, represent the first iteration (i.e. linear) static and oscillatory solutions,
respectively, for the nth mode cantilever displacement, £ ., tepresents the second iteration
(i.e., nonlinear) solution for the nth mode cantilever displacement, and ¢, ,&,,, and {,

are the corresponding first and second iteration nth mode displacements for the sample

surface.

i. First iterative solution
The first iterative solution is obtained by linearizing Eqgs.(9) and (10), writing the

resulting expression in matrix form, and solving the matrix expression assuming
sinusoidal driving terms Fceiw”t and Fseiwst for the cantilever and sample surface,
respectively. The first iteration yields a static solution &£, and an oscillatory solution

&on for the cantilever. The static solution is given by
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ksF(z0)

Eop = : (13)
“ kenks + F' (2o )k + Kg)
The first iterative oscillatory solution is given by
Sen = Oee COS(@t + A e = P ) + Qs COS(@5E — Pgg +0) (14)
where
Pec = (15)
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+ F' (20 )kep + kg = mgr? = mo0?))? (18)

’ 2.-1/2
+[a’s(7skcn+7cks)_w3(7smc+7cms)+F(Zo)ws(7s+7c)] } .

ii. Second iterative solution

The second iterative solution ¢, for each mode n of the cantilever is

considerably more complicated, since it contains not only sum-frequency, difference-
frequency, and harmonic-frequency components, but linear and static components as

well.  The second iterative solution &, is thus written as

gcn = gcn,stat + gcn,lin + gcn,diﬁ‘ + gcn,sum + gcn,harm (19)

where ¢y, o0 18 @ static or “dc” contribution generated by the nonlinear tip-surface
interaction, £, j;, is a generated linear oscillatory contribution, &, gz is a generated

difference-frequency contribution resulting from the nonlinear mixing of the cantilever

and sample oscillations, ¢ ¢y, ¢, 1S @ generated sum-frequency contribution resulting from
the nonlinear mixing of the cantilever and sample oscillations, and .y 4y are

generated harmonic contributions.

Generally, the cantilever responds with decreasing displacement amplitudes as the
drive frequency is increased above the fundamental resonance, even when driven at
higher modal frequencies. Thus, acoustic-atomic force microscopy methods do not

generally utilize harmonic or sum-frequency signals. For expediency, such signals from
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the second iteration will not be considered here. Only the static, linear, and difference-
frequency terms from the second iteration solution are relevant to currently-used A-AFM
modalities.

The static contribution generated by the nonlinear interaction force is obtained to

be

1 ksF'"(z,) 2. .02 A2 A2 A2
=— 2e; + + + +
gcn,stat Ak, + F (25 )by + ks)[ o +Occ+ 0z + Os¢ + O

20)
+ 2QCCQSC cos(acc - 2¢CC) + 2QCSQSS cosaSS]

where
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21)
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and ¢, is given by Eq.(15), Q.. by Eq.(17) and Q. by Eq.(18).

a, =tan

-1 Vs®@¢
' 2 i
kg +F'(z,)— mgog
1 Ve@s
2 H

kep + F'(z5)—m oy

force in the second iteration is obtained to be

gcn,lin =

D " 2 2 1/2
+ 2 £ eoF" (2,)Qss + Ot + 200, cOSA | / cos(@gt — 2@y + P + g +0)
AN

where

1 Qgsinag,
QCC cosacc + QSC

Hee = tan

13

(24)

(25)

The linear oscillatory contribution ¢, ;, generated by the nonlinear interaction

D ' 2 2 1/2
—< &, F" (20 + Osc + 20,0, cosa,.] / coS(@Wpt =20, + B+ Hee)

(26)

27)

(28)

29)
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Py =tan” 3 , (30)
ks Mg

D, =[(ks —m02)? + 720212, 31)

Dy =[(ky —m02)? + 720212, (32)
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The difference-frequency contribution ¢, 47 generated by the nonlinear

interaction force in the second iteration is obtained to be

gcn,diﬁ‘ = Gn cos[(a)c - a’s)t - ¢cc + ¢ss + ﬂcs _¢cs +I'-0] (35)

where
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-1 OccOes SinA e — Qe O Sin g + Qe O Sina o — g ) (43)
OccOcs €08 o + Qe Qs €08 g + Qe Qs €08(@ o — Ags ) + O O

iii. Salient features of the solution set
The total static solution to the coupled nonlinear equations (9) and (10) for the

cantilever 7., «q,; is the sum of the contribution ¢.,, given by Eq.(13), from the first
iterative solution and the contribution &, o4, given by Eq.(20), from the second

iteration as

Nen,stat =€en + g cn,stat . (44)

The total linear solution 7., j;, to Eqs.(9) and (10) is the sum of the contribution &,

given by Eq.(14) and the contribution £, ;;, given by Eq.(26) as

Nenylin = Sen t+ gcn,lin . (45)

The total difference-frequency solution 7., 47 to Eqs.(9) and (10) is simply the
contribution ¢, 45 given by Eq,(35).
It is interesting to note that £, and the ¢, component in 7., g, do not

explicitly involve the cantilever drive amplitude F, and the sample surface drive

amplitude F, although other terms involving the Q factors, given by Egs.(17), (18), (22),
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and (23), in £y g do involve these drive amplitudes. This means that only the

contributions stemming from the nonlinearity in the cantilever tip-sample surface
interaction force respond directly to variations in the drive amplitudes and in particular to

the physical features of the material giving rise to variations in Fy. Further, the
magnitude of all second iteration (i.e. nonlinear) contributions, &y 415 &cn,lin> and
Cen,aify are strongly dependent on the cantilever tip-sample surface separation z,, since
the value of the nonlinear stiffness constant 7'(z,) that dominates these contributions is

highly sensitive to z,. Indeed, F''(z,) attains a maximum value near the bottom of the

force-separation curve of Fig.2.

It is interesting to note that the condition &,k + F'(z,)(k., +k;)=0 gives a
singularity in Eq.(13) for &.,, in Eq.(20) for £y g4 > and in Eq.(26) [via &, of Eq.(21)]
for ¢y 1in- This condition on F'(z,) does not admit a solution to the original coupled

Egs.(9) and (10), since such a condition leads to a value of zero for the secular

determinant of the coupled equations. On the other hand, the conditions F'(z,) = -k,
or F'(z,)=—ky do give rise to valid solutions to Eqgs.(9) and (10) for all driving forces,
static and non-static. The negative value of F'(z,)in this case means that the tip-surface
separation distance z, is smaller than the separation corresponding to that at the bottom

(absolute minimum) of the force-separation curve. Eqgs.(9) and (10) show that a negative

value of F'(z,) reduces the effective magnitude of the stiffness constants both for the
cantilever and the surface displacements. Indeed, the values F'(z,)=-k,, and

F'(z,)=—k, give rise to effective null stiffness constants for the cantilever and surface
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displacements, respectively, as indicated by the coefficients of 7., and 7, in Egs.(9)
and (10).
A further decrease in tip-surface separation z, produces even larger negative

values of F'(z,). From Eq.(9) we may define the effective cantilever resonance

frequency for mode n as @gp o =\/[kcn+F'(zo)]/ m, . Thus, whenF'(z,)< —k,,,
@cp oy becomes purely imaginary and produces an additional damping factor in the

solutions to Eqgs.(9) and (10). Such damping is reported by Rabe, Janser, and Arnold"’.
It is straightforward to obtain mathematically the effects of such an additional damping
factor for the cantilever displacement amplitudes 7;,,, if one considers only Eq.(9) and

iot

ignores the coupling term 7, . For a driving force given by F.e""¢ the magnitude of the

steady state solution to the equation is|7,, |= F.{[k., + F'(zp) - mca)g ]2 + 73&)3 }_1/ 2,

For a fixed drive frequency @, effective cantilever mass m,, and cantilever spring

C

constant k,,, the factor F'(zp) produces a decrease in the cantilever displacement

2
|

amplitude |7,,| when |F'(zy)|>| k., —m.@;|. Note that it matters little whether

F'(zy)is positive or negative (i.e., whether z, is greater than or less than the value of z, at
0)1S P g gr

the bottom of the force-separation curve). As the cantilever is brought ever closer to the

sample surface F'(zy) becomes ever larger in magnitude and |7, | for each mode n
continues to decrease until the repulsive force in the F(z,) curve of Fig.2 exceeds the

fracture strength of the cantilever.
Finally, it is important to note that for large deflections of the cantilever that

generally occur for hard contact (linear regime), large bending moments are introduced
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that produce significant frequency shifts in the cantilever resonance frequencies quite

apart from those introduced by the interaction force stiffness constant F'(zy). For the
assessment of F'(zp) near the bottom of the force-separation curve where the
nonlinearity F"'(zp) is maximum (nonlinear regime) and F'(zy) is relatively small, a
reasonable estimate of F'(zy) can be obtained directly from differences in the contact
and non-contact resonance frequencies of the cantilever. For the assessment of F'(zp)in

hard contact (linear regime) it is necessary to account for the bending moments of the

cantilever in large deflection.

ITI. ESTIMATES OF PARAMETER MAGNITUDES

The results obtained in Section IT are general equations of the cantilever response
resulting from the cantilever tip-sample surface nonlinear force interaction. The
equations are valid for all materials and material systems, including bio-materials. For
many materials and microscope operating conditions, the general equations can be
simplified by using estimates of the relative sizes of the parameters appearing in the
equations. It is especially useful to obtain estimates of the order of magnitude of the
parameters m,, mg, Y., Vs, ken, and kg that appear in the model. The estimates and
resulting equation simplification are, of course, highly dependent on the particular
material under investigation and on the specifications of the cantilever itself.

The cantilever stiffness constant & corresponding to the fundamental mode (n =
1) oscillation is generally measured to lie in the range 0.02 — 80 N m™. A calculation of

m, can be obtained from measurements of the fundamental resonance angular frequency
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of the cantilever in free space w, and k., from the expressionm, =k, / a)gl.
Measurements'’ of k,; and @, for typical commercial cantilevers indicate that m, is of

the order 10! - 10"% kg.

We may obtain a crude estimate of m, by noting that an oscillating cantilever tip

in “point contact” with the sample surface generates spherical waves of frequency @

with pressure amplitude

b= 173 Gi@t—k,7) (46)
r

where P, is the pressure at unit radius, r is the radial distance from the contact point, and

k, is the radial wave number. We assume for definiteness that the “unit” radius is equal

to the wave oscillation amplitude at the point of contact. Since “point contact” at the
atomic level ideally involves an interaction between a single atom at the cantilever tip
and a single atom of the sample surface, we assume that the wave displacement at the
contact point corresponds to the relative motion between the two atoms. Assuming that
the relative motion is of the order of interatomic distances, we estimate that the wave
displacement amplitude is roughly 0.1 nm. From Eq.(46) we assume that when r = 100
“unit” radii, the magnitude of p is sufficiently small that the oscillating mass associated
with such small pressures can be neglected. For a unit radius of 0.1 nm we obtain » =
10® m. It is of interest to note that this value of r is in agreement with estimates'* of the
cantilever-sample contact radius r, obtained from Hertzian contact theory using a contact

force of 200 nN and a cantilever tip radius of 100 nm for a typical polymer material. The
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hemispherical volume V of material corresponding to this radius is of the order 10%* m’.
Assuming a mass density p of order 10° kg m™ for the sample material (roughly a typical
polymer density), we obtain m; = pV = 10% kg.

The magnitude of the sample stiffness constant &k, and the sample absorption
coefficient y, can be estimated from the relationships of these parameters to the
longitudinal elastic modulus and acoustic attenuation coefficient of the material,
respectively. Consider a periodic solid lattice with lattice spacing L between lattice
points of mass m. Let u, represent the displacement of the nth lattice point from its
equilibrium position resulting from a force F,, acting at that point. We assume that F,,

is a function both of #; and the particle velocity #; where i takes the values n, n-1, and

n+1. Hence, the force depends not only on the displacement and particle velocity of the
nth lattice point but also on the displacements and particle velocities of points to either
side of the nth point. Following the approach of reference 18 we may write from

Newton’s Law

2
d“u,
di?

m = Fn = ks [(un+1 - un) - (un —Up1 )] +7s [(un+1 - un) - (un - un—l )] (47)

where k; is the sample stiffness constant and y, is the sample or lattice absorption
coefficient.

We divide Eq.(47) by AL =V, where A is some cross sectional area of the lattice
and V is the volume enclosed by A and L. Taking the continuum limit as L approaches

zero, we obtain the wave equation
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Fu  2u Su
7=¢ gt das_—
o 7.9 1717,

(48)

where ¢ =(Cqq/ p)1 /2 is the sound velocity, p = m/AL is the mass density of the material,
Ci1 =k,L/A is the longitudinal elastic modulus, and A ;, = y,L/pA is the damping or
dissipation coefficient for the continuous wave. The magnitude of k£, may be estimated
from the relation k; = Cj14/L where A is the surface area subtended by the above-
considered hemisphere of radius r. Assuming Cj; = 10°-10" Pa, r = 10® m, and L ~0.4
nm, we obtain kg ~ (10>~ 10Y N m™.

We may estimate the magnitude of y, by assuming a solution to Eq.(48) of the

ioc=0t) where & is a complex wave number. Substituting this form into

form u=upe
Eq.(48), we obtain kZ =(w/c)*[1-i(wAy,/c*T"'. The imaginary part of k is the

acoustic attenuation coefficient & from which we obtain

B 2Spc3a
Lo®

(49)

Vs

An examination of the attenuation coefficients of a variety of materials in both the liquid
and solid states together with other parameters occurring in Eq.(49) reveals that the

magnitude of y, for most materials falls in the range 10* - 107 kgs™.
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IV. APPLICATION OF MODEL TO VARIOUS ACOUSTIC-ATOMIC FORCE
MICROSCOPE TECHNIQUES

The estimate of parameters obtained in Section III may be used to simplify the
equations derived in Section II describing the cantilever response resulting from the
interaction with the nonlinear cantilever tip-sample surface forces. The specific
simplification depends on the particular acoustic-atomic force microscopy under
consideration, the frequencies employed, and the material under investigation. We shall
consider the most frequently used A-AFM modalities including resonant difference-
frequency atomic force ultrasonic microscopy (RDF-AFUM), heterodyne force
microscopy (HFM), ultrasonic force microscopy (UFM), atomic force acoustic
microscopy (AFAM), force modulation microscopy (FMM), and the most commonly

used intermittent contact mode.

A. Resonant difference-frequency atomic force ultrasonic microscopy and heterodyne
force microscopy

Resonant difference-frequency atomic force ultrasonic microscopy (RDF-AFUM)
employs an ultrasonic wave launched from the bottom of a sample, while the cantilever
of an atomic force microscope, driven at a frequency differing from the ultrasonic
frequency by one of the contact resonance frequencies of the cantilever, engages the
sample top surface. It is important to note that at high drive amplitudes of the ultrasonic
wave or cantilever (or both) the contact resonance frequency generating the difference-
frequency signal may correspond to one of the nonlinear oscillation modes of the

cantilever. As pointed out in Section I1.B.iii, the effective contact cantilever resonance
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frequency for the (linear or nonlinear) mode n, @, .y, may be defined as

Den,eff =J[kcn +F'(z,)l/m,, where k., 1is the cantilever stiffness constant

corresponding to the nth (linear or nonlinear) non-contact resonance mode. Since F'(z()

is negative at the separation distance 7y corresponding to the maximum nonlinearity, i.e.

maximum F"(z;) , the resonance frequency of the cantilever in contact is smaller than the

value when not in contact. The nonlinear mixing of the oscillating cantilever and the
ultrasonic wave in the region defined by the cantilever tip-sample surface interaction
force generates difference-frequency oscillations at the cantilever contact (linear or
nonlinear) resonance.

Variations in the amplitude and phase of the bulk wave due to the presence of
subsurface nano/microstructures as well as variations in near-surface material parameters
affect the amplitude and phase of the difference-frequency signal. These variations are
used to create spatial mappings generated by subsurface and near-surface structures.
Heterodyne force microscopy (HFM) also utilizes difference-frequency signals generated
by the nonlinear mixing in the cantilever tip-sample surface interaction region. In this
technique no special advantage is taken of cantilever resonances and the difference-
frequency utilized is generally well below that of the cantilever resonance.

In both RDF-AFUM and HFM the cantilever difference-frequency response is
obtained from the nonlinear mixing in the region defined by the tip-surface interaction
force. The interaction force varies nonlinearly with the tip-surface separation distance.
The deflection of the cantilever obtained in calibration plots is related to this force; for
small slopes of the deflection versus separation distance, the interaction force and

cantilever deflection curves are approximately related via a constant of proportionality.
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The maximum difference-frequency signal amplitude occurs when the quiescent
deflection of the cantilever approaches the bottom of the force well, where the maximum
change in the slope of the force versus separation curve (hence maximum interaction
force nonlinearity) occurs.

The dominant term or terms for the cantilever difference-frequency displacement

in Egs.(1) and (11) depend on the values of %, both for the linear and the nonlinear non-
contact modes of cantilever oscillation, A@w, and the value of F'(z;)obtained at the

separation distance zp at which the maximum difference-frequency signal occurs. We
designate the non-contact linear or nonlinear mode n for which the difference-frequency

contact resonance occurs as n = p. The dominant difference-frequency component in

Eqgs.(1) and (11) is thus 77, =7 gifr = ep,dify and is given by Eq.(35) forn=p as

gcp,diﬁ” = Gp cos[(@, — W)t —Ppe + o + Brg —Pes + T —0] . (50)

where Gj, given by Eq.(36), and the phase terms in Eq.(50) are obtained from Eqgs.(15)-
(18), (21)-(25), (37)-(43). It is important to point out in considering these equations that
while the difference-frequency resonance frequency (@, — @) in RDF-AFUM is usually
set to correspond to the lowest contact resonance mode of the cantilever (although a
higher modal resonance could be used), the cantilever driving frequency ®. and
ultrasonic frequency @, generally are set near (but not necessary equal to) higher contact

resonance modes n = q and n = r , respectively, of the cantilever. For relatively small

difference-frequencies, it may occur that ¢ =r. Thus, the cantilever stiffness constant k.,
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is appropriately given as ke, when involving the difference-frequency terms in Eqgs.(15)-
(18), (21)-(25), (37)-(43), the stiffness constant k.q when involving the cantilever drive

frequency @, at or near the frequency of the qth cantilever resonance mode, and k. when

involving the ultrasonic frequency o, at or near the frequency of the rth cantilever

resonance mode. If @, and @, are not set at or near a contact resonance modal frequency

of the cantilever, then it may be necessary to include more than one term in Eq.(1) and
(11) corresponding to different values of q and r.

It is seen from Eq.(36) that for a given value of (w, —®,) the maximum value of

$ep,dify 1deally occurs for a value of z such that F'(zg) is maximized. An examination

of the force-separation curve of Fig.2 suggests that F"'(z;) is maximized near the bottom
of the curve. It is important to note, however, that F'(zy), while relatively small

compared to that of the hard contact regime, is generally not equal to zero at that point.

Strictly, the values of F"'(zy)and F'(z) for a given z; are each dependent on the exact
functional form of F(zy). A functional form for F(z;) sufficiently quantitative to
quantify F"(zy) and F'(z;) is not typically available. However, experimental curves
for F(zy) can be obtained and compared’ to the experimental curves of ¢ ep,diff Plotted
as a function of z. It is generally found that for a given difference-frequency (@, — @)
the maximum value of &, 5,7 occurs when F'(zy) is negative, that is when z; is

slightly smaller than the value of zy corresponding to the minimum value of F(z;) in

Fig.2. An examination of Eq.(36) suggests that a more exact approach to maximizing

Sep,dir Would be not only to vary zp but also to vary slightly the difference-frequency
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from the free space resonance condition until an optimal setting for both z and the
difference-frequency is achieved.

The equations for G, and the phase terms in Eq.(50) may be simplified by using
the values of the parameters estimated in Section III. All terms in Egs.(15)-(18), (21)-
(25), (37)-(43) involving the sample mass m; may be dropped to an excellent
approximation. For ultrasonic wave and the cantilever drive frequencies in the low

megahertz range we obtain, setting Aw = (&, — @), that

Py = a1 150D 51)
s
b~ tan"! (rcks + 7skcp)(Aa’) - 7smc(Aa’)3 +F'(z0)(7c + 75)Aw) (52)
s~
kepks — (mcks + 7c7s)(Aa’)2 + F'(ZO)[kcp +kg—m (Aa’)Z]

.~ tan~! (rcks + 7skcq o, - 7smca’2 + F'(z0) (7 + 7)o (53)

cc”™ , ’

kegks — (mcks + 775 )a’g + F'(zo)(keg + ks — mca’g )
3

s ~ tan~1 (Ycks + ¥sker)@s — ysmews + F (20)(7c + 75)®s ’ (54)

kopky — (m kg + 7oy )2 + F'(20)(ky + kg — m a2)

and G, is given by Eq.(36) where



D
2K + 73 (A0 {Thgpks (@) (meks + 7,7)

(&}

+ F(2,)kgp + ks —m (A@) ) (55)

+(A@)Fskep + Veks) = (B@) ygm, + F'(z,)0, (75 + 7)P V2,

Oce = Foolks + F'(Zo)]2 + 7.3“’02}1/2{[](0‘1](5

— @F(meks + Yoy )+ F (2o kg + ks —mear?)) (56)
3 ’ 2,—1/2
+ @ (Fskeq + 7cks) —wcysme + F(zp)o (s + 7.)17} )
Ogs = F{lks + F'(Zo)]2 + 73“’3}1/2{[kcrks
2 2512
— g (mkg + y.ys)+ F (2,) ke + kg — moo)] (57)
1/2

+ @5 (Vsker + Vcks) _a’37smc + F'(Zo)a’c(7s + 7c)]2}_ ’

Ous = ~FoF (2o [korks — 07 (meks + 7o) + F' (2, )kor + ks — meg )
(58)
@5 (Fsker + ycks) — @3 7sme + F (zo)os (75 + 7 )P 2
and

Osc = _F;:F(Zo){[kchs - a’g(mcks +7cYs)+ F'(Zo)(kcq ks - mca)g)]Z

(59)

28



29

+@ (Vskeq + 7cks) _w27smc + F(z5)wc (7 + 7c)]2}_1/2-

The phase term I'in Eq.(50) is given by Eq.(43) and is quite complicated.
However, advantage can be taken of the fact that k; is generally quite large compared to
other terms in the numerators of Qcc, Qss, Qcs, and Qs.; the denominators of these terms
are very roughly all equal. Hence, the magnitudes of Q.. and Qs are usually quite large

compared to those of Q¢s and Q.. The terms involving the product Q..Qs thus dominate

in Eq.(43) and we may approximate I" as

1__ V% o] V@5

I'=ea,.,.—a, =tan
“ ks + F' (zg) k,, + F'(z) - m,@?

(60)

where o, and o are obtained from Egs.(24) and (25), respectively. To the same extent

that I" may be approximated by Eq.(60) we may approximate G, as

F'"(zy) D
Gp ~ %R—CSQCCQSS . (61)

CS

It is seen from Eqs.(50)-(61) that both the amplitude and phase of the difference-

frequency signal {, 4;5 are dependent on Fy, Fe, ki, ke, 75, and . in addition to @, and
@, . Since k; is proportional to the Young modulus of the material, the dependence of
Sep,dify On ¥s and ky means that scans of the sample contain information about the elastic

stiffness of the sample as well as information about surface damping, hence viscoelastic
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properties of the sample surface. Subsurface features of the sample are obtained via the
dependence of the difference-frequency signal amplitude on F; and via the dependence of
the difference-frequency phase signal on 0, since both F; and 6 vary as the result of
ultrasonic wave scattering from subsurface features. The signal response for HFM is
generally given by the same equations as those for RDF-AFUM except that a single mode
p may not necessarily dominate the signal, if the difference-frequency is above the lowest
contact resonance frequency of the cantilever. A sum of the largest modal contributions
is thus calculated for HFM to obtain the signal output. However, the difference-
frequency in HFM generally is set well below the lowest contact modal frequency of the
cantilever. In this case the appropriate equations are identical to those of RDF-AFUM

with p equal to the lowest linear or nonlinear contact modal frequency of the cantilever.

B. Ultrasonic force microscopy

In ultrasonic force microscopy (UFM) the cantilever drive frequency w. and drive
amplitude F, are zero; the surface drive amplitude F; and the drive frequency ws of the
wave generated by the transducer at the bottom of the sample are nonzero. UFM can be
operated at quite large frequencies, even in the gigahertz range. Although the vibrational
response of the cantilever is certainly quite small at such frequencies, operation at a tip-
surface separation distance z, corresponding to the nonlinear regime of the force-
separation curve, where F''(zy)is maximum, will produce a detectable static or “dc”
signal from the interaction nonlinearity. The generated static signal is called the

ultrasonic force.
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The nonlinear force-separation interaction results in a static displacement of the

cantilever 7, ¢, given as

Ne,stat = chn,stat (62)

n

where 77, o4, 18 the contribution from mode n given by

Nen,stat =€cn + g cn,stat (63)

and &;, and Gy o are given by Eqs.(13) and (20), respectively. Terms in Eq.(20)

involving Q.. and Q. are zero, since F, is zero for UFM. We assume operation of the

UFM in the nonlinear regime where F''(z;) is maximized and F'(z;) is negative. Using

the values of the parameters estimated in Section III in the megahertz range of

frequencies, we may approximate the nonzero terms (. and Q. in Eq.(20) by Eqgs.(57)

and (58), where £, is replaced with k.,. We obtain

_ kS
Tenstat = b e+ F (2p)keon + k)

{F(z0)
(64)

F''(z 2.2, 2
+ %[250 + ch + st + 2chst cosass]}
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where g is given by Eq.(21) and o, is given by Eq.(25). To the extent that Qg is
much larger than Q. because of the occurrence of k; and y.w, in the numerator of
Oss » Eq.(64) may be simplified by dropping the terms involving Q.

Eq.(62) admits all cantilever modes as contributors to the magnitude of the UFM

signal. However, Eq.(64) shows that the contribution to 7, ,, for a given mode n is
dependent on k., such that for both the ultrasonic and non-oscillatory contributions to
Eq.(64) an increase in k., results in a decrease in the magnitude of the contributions for
that mode. Since k., increases in magnitude with increasing n, the contribution to 77,

from a given mode generally decreases with increasing mode number for both the

ultrasonic and non-oscillatory components of 7., ,;, although the exact relationship is

highly dependent on the values of y., s, ks, m¢, and w5 that appear in Eq. (64).

The dominant contributions from the second term on the right-hand side of
Eq.(64) for a given ultrasonic drive frequency @, occur for those cantilever modes
having values of [k, + F'(zy)] near the value mca)f . The largest contributions occur for

values of @, near a contact modal resonance frequency of the cantilever

\/ [ken + F'(zg)]/ m, . In contrast, the first term on the right-hand side of Eq.(64) and the

component of the second term involving &, are independent of frequency and thus make
the major contributions when the ultrasonic drive frequencies are in the gigahertz range.
These terms predict that a static signal exists even without the presence of an ultrasonic
wave propagating through the sample and results directly from the interaction of the

cantilever with the sample surface via the interaction force, as would be expected.
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It is seen from Eq.(64) that Nen, stat is dependent on both F; and k;. This means
that scans of the sample contain information about the elastic stiffness of the sample
through k; as well as information about subsurface features via the dependence of the
amplitude on Fs. The dependence on y; means that UFM is sensitive to the viscous

properties at the sample surface as well.

C. Atomic force acoustic microscopy and force modulation microscopy

Both for atomic force acoustic microscopy (AFAM) and force modulation
microscopy (FMM) the cantilever drive amplitude and frequency are zero. As in UFM,
the surface drive amplitude and frequency w; are nonzero. However, unlike UFM, the
surface drive frequency is limited to a range of frequencies that produces measurable
displacement amplitudes of cantilever oscillation. In contrast to UFM, the tip-surface
interaction distance is set to operate in hard contact, the “linear detection regime” of
operation, where z, is small, F(z,) is repulsive, F'(zy) is large and negative, and
F"(zy) is negligible. In the “linear detection regime” no difference-frequency or
harmonically generated signal is detectable, since for hard contact F''(z) is effectively
zero. The cantilever displacement amplitude 7., j;, corresponding to the nth mode is
then obtained from Eq.(45) as 7. jin = &cn +Cenlin- The contribution £y, ji, resulting
from the nonlinearity is given by Eq.(26) and is seen to be zero, since F"(zp) is
effectively zero in the “linear detection regime.” The remaining contribution &, to the

cantilever displacement amplitude is given by Eq.(14). For values of the parameters
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estimated in Section III we may approximate &.,, hence 7., j, , in the low megahertz

range of frequencies as

Nendin ® Ecn ® Ops cos(@gt — Pgs +6) (65)

where Q. is given by Eq.(58), ¢, by Eq.(54), and 8 .by Eq.(4).
Note that both O, and ¢, depend on the magnitude of F'(z). For sufficiently
hard contact F'(z;)becomes very large and negative and may dominate the terms in

Eq.(65). Under such conditions we obtain

ch ~ _ES'{(kcn + ks - mcw§)2 + (7c + 7s)2w3}_1/2 (66)

and

1 (70 +7s )d)s ) (67)

2

P55 ~ tan™
kcn + ks — MWy

Egs.(65)-(67) show that both the amplitude and phase of the cantilever

oscillations depend on ke, ks, ve, 75, and o,. For AFAM driving frequencies @, near a
cantilever resonance +/k,,/m, corresponding to mode n, the signal amplitude is large

and the cantilever displacement is dominated by that mode. Although Eqs.(66) and (67)

appear to be independent of F'(z;), the equations are subtly dependent on F’'(z() via the
restrictions F'(z;) places on the resonance modes available. As pointed out in Section

I1.B.iii, larges negative values of F'(zy) eliminate from consideration all modes for
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which F'(zy)<—k,,. For FMM, o, is much smaller than./k, /m, , the fundamental

cantilever resonance frequency, although the fundamental resonance may not appear in

the calculations if F'(zp) <k, -

D. Intermittent contact mode

The intermittent contact mode (TappingMode) is a standard feature on many
atomic force microscopes in which the cantilever is driven in oscillation, but no surface
oscillations resulting from bulk ultrasonic waves are generated (i.e., Fs and o, are zero).
Thus, the intermittent contact mode cannot be used to image subsurface features, but
interesting surface properties and features can be imaged. Since intermittent contact
mode can be used in both hard and soft tip-surface contact (i.e. the linear and nonlinear
regimes, respectively, of the force-separation curve), the cantilever displacement 7., ;,

for mode n is given most generally as

Nenldin = écn +¢, cnlin (68)

where &, is given by Eq.(14) with the term involving O, set equal to zero and £, 1 is
given by Eq.(26) with all terms involving Q,cand Q set equal to zero.

For the soft contact regime the expression for 7., j;, is

Nenlin = H cos(@et — P + A) (69)

where
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1 SIBe + Hoe =B — ) (70)

A=tan" 9
coS(Be + Hee — e — ce) +(Qec W)

D, " 1/2
W= R_chF (ZO)(Qgc + Q.s?c + 20,0 cOsQ) ! s (71)

CcC

and

1/2
H= [Qgc + W2 +20. W cos(B; + tee = Poe — )] / (72)

where Q,.is given by Eq.(56), O,. by Eq.(59), ¢..by Eq.(53), u.. by Eq.( 27), &y by
Eq.(21); a.., B, D,, and R.., are given by Eqs.(24), (29), (31), and (34), respectively,
with the terms involving mg set equal to zero.

The complexity of the cantilever response 7., j;, is greatly reduced for the hard
contact regime, where F"'(z;) is negligibly small and F'(z;) is very large and negative.

For hard contact A and ¢, are approximately zero and we obtain

NenJin ® Occ cos(@,t — @) (73)
where
2 2.-1/2
Qcc:Fc[(kcn‘l'ks_mcwc2)2+(7c+7s) @ | / (74)
and
4, = tan—1 —Te ¥ 7s) > (75)

kep + kg —moa;
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The dependence of 7., j;, on the material damping coefficient y; and the sample

stiffness constant kg, both for the hard and the soft contact regimes, means that the

intermittent contact mode can be used to assess the viscoelastic properties of the material

irrespective of the regime of operation.

V. IMAGE CONTRAST

All the above equations, except for Eqs.(4) and (6), were derived for constant
values of the cantilever and material parameters. If, in an area scan of the sample, the
parameters remain constant from point to point, the image generated from the scan would

be flat and featureless. We consider here that the sample stiffness constant k£, may vary
from point to point on the sample surface. Since k; is proportional to the Young

modulus E, this means that E also varies from point to point. We assume that the value

of the sample stiffness constant &, at a given point on the surface differs from the value
k, at another position as k. =k, + Ak, . For any function f(k;) having a functional

dependence on kg, a variation in k; generates a variation in f(k;)given as

Af = (df | dkg)oAk, , where the subscripted zero indicates evaluation at k. A similar
expression can be obtained for the material damping parameter y,, but we shall not
consider such variations here.

A variation in kg produces a variation both in the amplitude and phase of the

signal generated by the cantilever tip-sample surface interactions. The variations in

amplitude and phase can be used to generate amplitude and phase images, respectively, in
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a surface scan of the sample. We first consider images generated by the phase variations

in the signal.

A. Phase-generated images
The phase factors involved in RDF-AFUM and HFM are given from Eq.(50), (4),

and (5) to be @d.., P, Prs> Pes> I, and y ; the phase factors involved in AFAM and
FMM are, from Eq.(65), ¢, and y ; the phase factors involved in the intermittent contact
mode are, from Eq.(69), ¢.., and A. Each of these phase factors is dependent on k; and
the variations in the phase factors resulting from variations in kg are responsible for

image generation when using phase detection of the A-AFM signal. The exact

dependence of the phase on kg, however, is different for soft and hard contact regimes.

i. Soft contact regime
For the soft contact regime the appropriate variations in the phase factors relevant

to HFM and RDF-AFUM are

dp s 7sAw
ABps =| == | Akg=— Akg 76
g [ dks ]0 [k + F'(z0)1° + 72 (Aw)? 76)
Ag.. = —%Aks )

cc

where

Ace =[¥skay + 2F (20)psheg + F'(20)* (e + 75) 0, (78)



2 2
+revs = 2ysme(hey + F'(ZO)]a’g + mc?’sa’(,§

g

}2

and
Bee ={lrcks + 7skcq +F'(z0)(7e + 7)o — 7smcw2}2
+{[k,, —m@? + F (z9)lk, + F'(zo)(k,, — m @) - 22
cq c@c 01K zo)( cq MWz )= Y@} s
A
A(Ijss = _B_::::Aks
where
Ags =y + 2F (20)¥sker + F'(20)* (7, + 75 )
+ [7c27s =2y em (ke + F'(ZO)]w? + mg7swss'
and
By = {[ycks + vsker + F'(20) (¥ + ¥s)lws — 7smcw3}2
2 ’ 2
+{[key —mew5 + F'(20)Tks + F' (20)key — me@5) = ¥ ¥s
and
A
A(chs = _B_ZAks
where
Ags =[¥ki + 2F (20)y sk + F(20)* (1. + 7)1(A)
) k., + F'(z))l(Aw®)’ + m2y. (Aw)’
+[yers —2ysme( ep T (z0)I(Aw)” + mg s (Aw)

and

Bus = {[7cks + Vskep + F'(20)(7e + 75)[(A0) — ym  (Aw)’ )

(79)

(80)

(81)

(82)

(83)

(84)

(85)
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+ {[kcp _mc(Aw)2 + F'(zg) ks + F'(ZO)[kcp _mc(Aw)2] - 7c7s(Aw)2}2 .

To the extent that I' = ¢, — g, as given by Eq.(60), we may write

Ys@c
AT = Aq,, =— Akg . (86)
ks + F'(20)] + 72002

The phase term Ay is given by Eqs.(6) and (7).
The appropriate variations in the phase factors relevant to the intermittent soft

contact mode are Aa,., Ad,., and AA. The factor AA is obtained from Eq.(70) as

AA = 1+ Qe /W)cos(Be + Hee = Pee — Uee)
[COS(ﬂc +Hee — ¢cc _acc) + (Qcc /W)]2 + Sin2(ﬂc +Hee _¢cc - acc)

(87)
X (AB; + Mo — A — Aar,)
where
@,
Mo =" ks (88)
ks + ysap

Ag,..is given by Eq.(77), and Au,.is obtained from Eq.(27). To the extend that Qs is
much smaller than Q.., we get from Eq.(27) that Au,.. = Aa,.. where Aa,. is given by

Eq.(86).
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ii. Hard contact regime

For the hard contact regime where F'(z()is very large and negative, the relevant

phase variations are obtained from Eqs.(67) and (75) as

(e +75)@c
Ad. =— 3 Akg (89)
(ks +keq = mca’c2)2 +(7c+ 7s)2a’c
and
Ady, = - (Ve +75)@s Ak, (90)

22 2.2
(ks+kcr_mcws) +(7c+7s) ap

Eqgs.(89) and (90) are appropriate to AFAM and FMM modalities as well as to the

intermittent hard contact mode of A-AFM operation.

iii. Dependence on the Young modulus

Hertzian contact theory provides that the sample stiffness constant k_ is related to

the Young modulus E of the sample as™*

2 2 Y1
k, =2r;[1 oy Y ] ©1)
T

where v is the Poisson ratio of the sample material, £y and vy are the Young modulus
and Poisson ratio, respectively, of the cantilever tip, and 7, is the cantilever tip-sample

surface contact radius. Hence,
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21,2 1_,2Y2
Ak, = 2'2(220 )[IEUT i E” ] AE . (92)
T

Eq.(92) can be used with Eqs(76)-(90) to ascertain the fractional variation in the Young
modulus AE/ E from measurements of the phase variation in the signal from an

appropriate A-AFM modality.

B. Amplitude-generated images

The amplitude G, of the RDF-AFUM signal is given by Eq.(61) to a good

approximation for most applications. The fractional variation in the signal amplitude

AG, /G, resulting from variations in the sample spring constant kg, hence Young

modulus £, makes a considerable contribution to the image contrast when operating in

the amplitude detection modality. The fractional variation in amplitude is

AG oG
— =L[ P} Ak
0

G, G,\ ok,

93)

il

| [agss) L [anc] +Rcs{ 5 [D) Ak
|Lst aks 0 Occ aks 0 D aks Res JOU °

where

1 [6QSS] _ ks + F'(zg)
Oss\ Oks Jo [(ks+F '(ZO))2+C§s]1/2
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(94)
_ (agsks + byg)ags + (cooks + dgg)ess
(agsks + bys )’ + (cysks +dys)
ag =k, —mw? + F(zg) , (95)
_ 2 2
bss = F'(zo) ke — me@5) = ¥o7 505 (96)
Css = VW5 7
dgs = Vskers — mc?’sa’? +F (z20) e +7s) (98)
1 [anc] _ ks + F(zg)
Occ\ Oks Jjo [(ks+F '(ZO))Z + Cgc]l/2
99)
_(accks + bec)ace + (cocks + dec)ece
(@ccks +bge) + (Cocks +dec)’
age = kg —mew; + F'(z9) (100)

' 2 2
bec :F(ZO)(kcq_mcwc)_7c7swc ) (101)



Cee = VD >

3 '
dec = 7skcqa’c —meys@e + F (z0)(¥e +7s)

and

Rcs[ 9 [DCST _ K
Deg | Oks\ Res )|, [(k2 +c21"2

_ (aCSkS + bCS)aSS + (cCSkS + dCS)cCS
(ks +beg)* + (Cosks + dgg)?

bes = kcp - mc(Aa’)2 +F'(z9) ,

Ces = F'(20) (kg — mo(A@) D) = 7,75 (B0)*

des = 7. (Aw)

hes = Vskop (A@) — oy (AoY + F (20)(¥e + 7s)
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(102)

(103)

(104)

(105)

(106)

(107)

(108)

It is apparent from Egs.(93)-(108) that, although the RDF-AFUM signal

amplitude per se is highly dependent on F"'(z;) and on the cantilever and ultrasonic

drive amplitudes F.and F;, respectively, the magnitude of the fractional variation
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AG, /G, in the RDF-AFUM signal amplitude resulting from variations in the sample
spring constant kg is independent of F., Fy, and F"(zp). However, AG,/G), is

dependent upon the values of the cantilever spring constant k., where n=p, q, and r as
discussed in Section IV.A. The values of £, in turn are highly dependent on the choice

of cantilever and the frequency chosen to drive the cantilever into resonance. Although

AG,/G, makes a considerable contribution to image contrast, it is not the only

contribution. As with all A-AFM techniques the resolution of the image digitizer, the
dynamic range and signal-to-noise features of the electronic components, the sharpness of
the cantilever tip, and the bonding of the ultrasonic transducer among other factors also
contribute to the image contrast. The contrast for RDF-AFUM, however, cannot

generally exceed that rendered byAG, /G,. The magnitude of the signal variation for

HFM is given by the same equation as for RDF-AFUM except that a single mode may
not necessary dominate the signal. A sum of the largest modal contributions may be
appropriate to calculate for HFM the cantilever displacement.

The amplitude of the UFM signal is given by Eqs.(62)-(64). Assuming that Q. is
small compared to O, and &, hence negligible in the calculations, we obtain the

fractional variation in the cantilever displacement amplitude for the nth mode to be

" dgg 1, 00|
, F'(zo)e0 o+ - Qs %)
Ancn,stat _ { F (ZO )kcn Fa'ks 2 S§ aks |> Aks (109)
kslkenks + F (zg)(ken + k)] F(zg) + ﬂ(zﬁ‘g + Qs?s)
4

‘L Jo

Nen,stat
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where Q. is given by Eq.(57) with q = n, (60, /0k,)o by Eq.(94) with ¢ = n, &y by

Eq.(21), and (&0 /0k,)o by

2
[680 ] - F(ZO)kcn ) (110)
Dby )y onks + F'(20)(koy + k)

For AFAM and FMM the cantilever displacement amplitude is from Eq.(65)

dependent on Q.. where(Q,, is given by Eq. (58). The fractional change in the signal

amplitude for mode n is obtained to be

2
AQ - _ kcn + ks — Mm@y

2 2.2
Ocs (kep + kg —meg )+ (7. + 75) g

(111)

The availability and dominance of modes are discussed in Section IV.C.

For the intermittent hard contact modality the amplitude is dependent on Q..

which for hard contact is given by Eq.(74). The fractional change in the amplitude for a

given mode n is obtained as

2
AQec _ _ ken + ks —mew;

Ak . (112)
QCC (kcn + ks - mcwc2) + (70 + 7S)2a)g
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It is interesting to note that the variation in amplitude for intermittent hard contact is
identical to that of AFAM and FMM except that in intermittent hard contact the drive

frequency is @, whereas in AFAM and FMM the drive frequency is @ .

VI. APPLICATION TO LARC-CP2 POLYIMIDE FILM

The above equations are applied to the assessment of AE/E in LaRC-cp2
polyimide polymer from measurements® of the variations in the phase signal using RDF-
AFUM. The values of the relevant material and cantilever parameters are’ k, = 96.1 N
m', k,y=14Nm’, 5, =48x10°kgs’, m,=3.9x 10" kg, E =2.4 GPa, a/2 = 12.7
um, o = 85 m’, F'(zy)=- 53, @,/2x =2.1 MHz, @,/27x = 1.8 MHz, and Aw /27 =
0.3 MHz From Eq.(50) the variation in the phase signal is given as

(Adyg — AP, + AP —AGs + AT + Ay). From Eqgs.(6),(7),(76)-(86) we calculate that

AP, and AI' = Aa,.make by far the dominate contributions to the RDF-AFUM phase
signal variations. The contribution from Ay is relatively small because the thickness of
the sample a/2 does not correspond to a resonance thickness for the ultrasonic wave. The
factors Agy, and Ag,. are relatively close in magnitude and result in relatively little net
contribution to the phase variations in Eq.(50). The factor Ag, is also calculated to be
small with a sign opposite to that of (A@y, —Ad,.) and results in further minimizing the
net phase contribution from these three terms.

From the above equations and a measured phase variation of 13.2 degrees
obtained in the RDF-AFUM phase image’ we calculate a value of approximately 24
percent for the variation in the Young modulus for the material. This value is also in

good agreement with a value of roughly 21 percent obtained from independent
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mechanical stretching experiments in which the increase in the modulus is attributed to
the growth during stretching of a crystalline phase having a larger Young modulus than
that of the original amorphous phase?. The growth of the crystalline phase in LaRC-CP2
is attributed to internal stresses generated during curing by the different thermal
expansion coefficients of the polymer material and gold nanoparticles embedded in the
polymer matrix.

A further test of the present model can be obtained from the intermittent soft
contact image taken concurrently with the RDF-AFUM image of the LaRC-CP2
specimen’. The variation in the phase signal is measured from the intermittent soft
contact micrograph to be roughly 1.5 degrees. From Eq.(69) the variation in the phase

signal for intermittent soft contact is analytically given as (—Ag..+AA). Using the

above-stated values of the material and cantilever parameters in Eqs.(86)-(88) ,we
calculate that for the measured variation of 1.5 degrees in the intermittent soft contact
image the variation in the Young modulus is roughly 18 percent. This value is in good
agreement with the values obtained from the RDF-AFUM image and from the

independent, mechanical stretching measurements.

VII. CONCLUSION

The various modalities of acoustic-atomic force microscopy (A-AFM) have
become important nanoscale characterization tools for the development of novel
materials and devices. Most of the information obtained from A-AFM has been
qualitative because of the lack of a comprehensive analytical model to render the data

quantitative. The most significant impediment to the development of such a model has
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been the nonlinearity of the cantilever tip-sample surface interaction force. We have
developed a detailed mathematical model of this interaction by assuming that the
interaction is appropriately represented by a nonlinear spring coupled at the opposite ends
by linear springs representing simple harmonic oscillators for the cantilever and sample
surface. The dynamics of the coupled springs are described by a pair of coupled
differential equations that are solved using a standard iteration procedure. Only flexural
vibrations of the cantilever and out-of-plane oscillations of the sample surface are
considered in the present derivation.

Solutions are obtained for specific A-AFM modalities including the commonly
used intermittent contact mode (TappingMode), force modulation microscopy (FMM),
atomic force acoustic microscopy (AFAM), ultrasonic force microscopy (UFM),
heterodyne force microscopy (HFM), and resonant difference-frequency atomic force
ultrasonic microscopy (RDF-AFUM). Image generation and contrast equations are
obtained for each of the aforementioned A-AFM modalities assuming for expediency that
the contrast results only from variations in the sample stiffness constant. Since the
sample stiffness constant is related directly to the Young modulus of the sample, the
contrast can be expressed in terms of the variation in the Young modulus from point to
point as the sample is scanned.

A portion of the present solution set was obtained previously’ using feasibility
arguments to render the analytical equations and applied to the assessment of the
fractional variation in the Young modulusAE/E of LaRC™-CP2 polyimide polymer
from measurements of the variations in the phase signal using RDF-AFUM. The present

derivation provides a solid analytical framework for the feasibility arguments. The



50

calculation of 24 percent for AE/E is in good agreement with a value of 21 percent
obtained from independent mechanical stretching experiments in which the increase in
the modulus is attributed to the growth during stretching of a crystalline phase having a
larger Young modulus than that of the original amorphous phase®.

Further application of the model to intermittent soft contact images of the same
polymer material yields a value of 18 percent for the variation of the Young modulus.
This value is also in good agreement with the mechanical stretching experiments. The
difference between the RDF-AFUM and intermittent soft contact assessments of AE/E is
attributed to error propagation resulting from the relative complexity of terms, the
approximations used, and the number the terms encountered in the respective model
calculations. Nonetheless, the agreement between the RDF-AFUM and the intermittent
soft contact assessments is quite good considering that the calculations are performed on
rather disparate equations. More importantly, the agreement between the model
predictions and the measurements from independent mechanical tests provides quite
strong evidence for the general validity of the present model.

The present model can also be used to quantify the image contrast from variations

in the sample absorption coefficient y, or from a combination of absorption coefficient

and Young modulus variations in the material. Space limitations prohibit the inclusion of
such contrast mechanisms here, but the effects can be derived straightforwardly by the
reader from the equations derived above. Although the present model is developed for
flexural oscillations of the cantilever and out-of-plane vibrations of the sample surface,
the model can in principle be extended to include other modes of cantilever oscillation

and sample surface response. It is anticipated that such a development would provide
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even greater opportunities for obtaining quantitative information on material properties

using the various A-AFM modalities.
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FIGURE CAPTIONS

Fig.1.

Fig.2.

Schematic of cantilever tip-sample surface interaction: Left side shows relative

positions of the cantilever tip and sample surface in the presence of an interaction
force. Right side shows spring model representing the dynamics of the tip-surface
interaction. z is the quiescent tip-surface separation distance, z the oscillating

tip-surface separation distance, 77, the displacement (positive down) of the
cantilever tip , 77, the displacement of the sample surface (positive up), k., is the
nth mode cantilever spring constant, m,the effective cantilever spring mass, kg
the sample spring constant, m, the effective sample spring mass, and F'(z;)and
F"(zp)are the linear and first-order nonlinear sample stiffness constants,

respectively.

Schematic of interaction force as a function of the separation distance between

cantilever tip and sample surface.
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Fig. 1.
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QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.

Fig. 2.
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